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Abntract

We preacnt a conceptual design of a low-energy
neutron generatar for treatment of brain tumom by boron
neutron capture thempy (BNCT). The concept in bamxi on a
2.5-MeV proton beam fmm a mdio-fmquency quadmpde
(RFQ) linac. and the neutrone sue praduced by the
7Li(p,n)7Be reaction. A liquid lithium hrget and madulatcw
aasembly are deaignrxl b pm-wide a high flux of epithermal
neutrons. The patient is administered a tumor-specific ‘OB-
enriched compound and is imdiatal by the neutrono ia
creaw a highly bcaliaed dose fmm the reaction ‘OB(n, a)7Li.
An RFQ accelemtor-ba.ud neutron twuree for BNCT is
compacL which makes it practical to site the facility within
a hospital.

Introduction

A low-energy neutron generator wau proposed’J a few
yearn ago bawd on a pmtcm RFw Iinac. The RFQ would
deliver a high-cument pmtuu beam at 2.5 MeV to a thick 7Li
target tm produce neuU’one from the well known 7Li(p,n)7Be
reaction. Wbil combined with a compuct neutron
mudemtor, a IO-MA proton beam current muld produce a

thermal neutnm flux of 2 X 10” nkm%, AlthouRh the ●arlier
pmpoaal ●mphaaiud Lhe thermai neutmm flux, an RFQ-
baaed epithemral neurmm wurce can he designed from this
same neutron genemmfi’ for treatment of bmin tumom hy
nNcT,

In BN~, a patient in adminintaml a lumar-s~ific
“)ll-enriched rompuund hnd is thea irmdiatd wi~
rplthemml rleutronu. If the 10Flnt~che~ ta or is i~mted

intu tumor cells witi high specificity and crmcention, but
IS In lnw crmcentration In the blood at the time of irmdiation,
~hen tie IIJB(n, “)71.1 ~ncb,)n prfxh, wta create a mdiati{}n

dose ~at IS highly Iocali=d ta the tumor. Studies” confirm
the pwtent4al Of n low ●nergy ymton facility W Kenerate
I*pIthFrmnl neutnmn with nn nm-eptable ●nergy spwtrum
nnri InUnnlty. Mnnta Carlo stur.wu ukow thnt n 10 mA
proton beam ran produce n useful neutim flux of 5.()X 10”
nrutnmwcm%, plw n mng]c Irrndlabon aeaaion of 20 Gy ( 100”
rm-1) u) ~? Lurnor. n treatment time nf 1.5 houm is nemaaary.
“1-1)rrrium LtIF pnhcnt’n lrrndiati(m time. IL in dmirnhlr tiI
lnrrrnae Lhe beam rurmnt, Ilesm rumenta of more thnn
41) mA hnvc been ncrelrrnteri III HII Rk’Q (~pcrntir,g nt 100’1,
II IILy Incuw llt~wrv~r, nn *F hrnm rurrfnt lnrr~n~n, Lhr

I’IIIIIlnl nnd ,)prnlln~ I’IMJI II( lh~ rndl!) frqu~ncy pi)w~r f,)l

[hv :irm’lrrntmr Incrcnee, nnrl hrnm bent rmmwnl Inim tht,
lI(i III(i Ilthlurn mrwrt twc(mvw mlm dIffIImIIlt I’lllmlttrlv.

Ihr rhtl!rr 11[ harm cur~rnt WIII he dr-mllnrd hV lhr t.rndv

,)lThrlwrrn cIInt nnrl Lr?nt.rnrnl llrne

Arrel@rator (“t}nc~ptuml I)dgn

Wr prrmrnt n c(miwptunl dwugn III” mn I{FQ hnwd

;! !1 MvV, hl~h rllrrent prnt<]n nurrlvrnum Illr 11’d( “1’ SpHco
,.hnrwr rfTrrtA In t.hr KFQ Kl)vrrt) Lhr mnxlmum Iwrnlimill]lr

IM.11111 t.tlrrrnlx AIL}lt)ll~tl WI. lwIIrvr lM.mII ,.il!rrllln II(
1o11 mA ~nd hl~hrr nrr pl nt.tli.nl t,)r II HVI. dIIt V I’+rt. r, WI.

“ ‘Ar,,h ,,,,,,., t 11.,1Ilt I 4,. 11.,,,,,,. \“l, #,,!”l , “1. #,*la*l\ I’t#n#lm #l,

I h.,, 1,,,,8,,,,,,1 ,,,,,ll. t lIIV Mllqll, I,w 8111119.I ‘, Iho,,”, llllt.111 ,)1 1,Ill,lub

,bttrl h} 11)8,~MII, BtImlI nm~,t 111.1111110,II IIIIVI I;vn,ll I It(ll (’.l4l’?~lM Ill

have chosen 30 MA for this fht example. Figure 1 shows a
schematic of the overall RFQ-linac BNCT trea-ent facility,
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Fig. 1. %hematic oflWL) Imar HN(T Lremlmrnl farl~lty

including the nccelerabx system, n vapor-coaled liquid
lithium target, the neutron moderatir naaembly, and a
patient undergoing treatment. A block diagram of the
accelerakr syatam is shown in Fig. 2, umaietin~ uf nn ion

wmrce, the low-energy beam transport (1. EIIT), nn RIXJ
linac, a hiflh.energy ham Unnsptmt[HKBT) system. nnd the

radio. freqfiency ~wer syswm fo-r Lhe RF(J.
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An I,m wlurrr with rurqwd Iivld r~)ntinrrrwnl IIPII WIIh

WIn KIF Knp rxLrrrrLlim w(Iuld pr[wldr rrli Hhlc” pwrftmnnn{. v III

:1(} kV wtth :15 mA vxtrnctml II ‘ twrrm {Lurrrnt. ‘l%!” I. Kll’i’
WI IUIII r{lnnlsl III n lWII lrnn, mnwnrllc wllrnllld IIIcIINIIIU
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. challenge for cw accelerators is the removal of heat
generated by rf power dissipation on the cavity walls and the
prevention of temperature changes that detune the cavity.

. We have produced an unoptimized design example for the
RFQ, and have simulated the performance, including space

~ charge, using the program PARMTEQ. The design and

i
performance parameters are shown in Table 1. ‘I’he
calculated beam profile plots for displacement x, and phase
and energy relative to the synchronous particle are shown in
Fig. 3. Initial and final phase-space distributions are shown
in-Fig. 4.

Table I. Design and Performance Parameters of the RFQ

Frequency 350 .MHz

Jnjection energy 30 keV

Final energy 2.5 MeV

Length 3.Om

Bore radius, r. 0.20-0.27 cm
Modulation parameter, m 1.00-2.58

Intervane voltage 0.050 M-v
Input current 33 KA

Output current 30 MA

Input emittance* (),010 n cmmrad

Output emittance* (),010 n cmmrad

output rmsenergy spread 15 keV

Structure power 107 kW

Beam power 76 kW

Peak surface electric field 34 MVn,

● ‘~hu rabultitd t“miltnrw .UIULVIarc LII, where I IS Lhr norn.tillzd
rms value w!thout Lhe facmr ~1(4 lhal IS some~lmtw used
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The HEBTdesign haa not yet been inveat; gated, but we

believ~ this should be a relatively stralghtforw~. rd dcslhm w
transport the beam from the RII’Q iind IA) rilstrlhute It
urrlforrnly on the litnium target The r,)rrtn]l nnri
lnstrumen~t]m. requirements for the riccelernb)r sht)uld
nlsu be straightforward.

Target nnd Moderator (’onreptutii I)esign

A moderator nsaembly :s shown in FIK. f), ‘l’he
nwderrrh]r tissembly bus been desi~ned 1A)rnnkc the ~~nmri

rrry rhme au I{rw as poswblc and yet transmit to tht, patlcnt N
lar~e fraction ot’ the source neutrons. de~raded In cnrrgy to

Proton Beam
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tumur-s, more energetic neutrons will be required than f~]r
superficial tumor-s, The forwrird. directed neutrons are the
most energetic and require the higher moderrrting pt~wer of
BeO; whereas the neutrons born at wider angles are less
energetic and require less moderation and inure reflectl(}n try
Lhe alumina thtit they enc(, unt, r

We have evaluated the performance tIf’ the m(~derp.h~r
assembly, which is illustrated in Fig. 5. The muderatur
assembly c~nsists ufa cylindrical moderawr of BeO, which is
25 cm in di~meter rtnd 20 cm In height, surrounded by a 30-
cm thick alumina reflector. A loading uf 0.05 gcm~ of “1.i IS
placed at the interface between the moderator and reflector
reKr{ms, tu reduce the gamma- ray dose arising from the

“Al(n. y!-’”Al reaction. Also, a loading (If 001 g cm-’ tjftil,l is
placed tit the window uf the irraditition port to reduce the

Lherrnal neutron cent.mmnatron. in addltron, a 10 cm thick

Ioycr of 1).0, which is in Lt!rn surrrrunded by an outer skin i,f
“1.iF, func?,iuns tis II neutron shield to reduce the patient’s
whole body dose, The escaping neutrons are therrnalized by
the 1),,0 and art then captured by “l,i. Conventional neutron
shielding. such :is berated polyethylene, is nt)t appropriate
f,>r ,Iur nmderritor itssembly because both hydrt,gen iind
boron produce secondary gamma rays by cripturlng thermtil
neutrons,

The geumetric~ii rnudel t,f our n]{)derritor tissernbly
cxjnttrlns ti neutron suurce thiit is unifrrrmly distributed over
;i I() ~.m: /lrea l~n the top surface uf the Inner (BeO) r~iinder
,In the cyllnder’s cent. er!lne. The neutm~n source has the
distribution in energy rind angle thrit is produced by H hetirn
,)f 25 MeV prntmns traveling parallel U) the morierau)r

:lssembly central nx]s. ‘[’he model also contains a 10 rm

riidlus >phcrtcal phiinti)m heiiil (C 11 0 .N) located on the5, 40. 18
mt)deratur iissembly central rixis wlt.b Its center 15 c.m from
the }issembly base our rinalysis models two distinct
processes: ( 1) neutron genernhtrn In the ‘1.1 tsrget, and (2)
neutn)n ~ind gammii ray transpurt in the rnodrrau]r
iissernhly und head phantom

Neutron generation In the ‘1.1target was crtlculrited hy
>Imulrttlng the product]ort t~f neutrons, as pru~]ns slow down
In tie ~rKet, usin K the doubly differential crusssectjurr for

the I.i(p, n) ’[]e reactit)nm and the stopping p)wer fur ~rou)ns
In Ilthlum,’ Nt utr[)n transport In the muderatar tiasemhly
W;IS ~.tilculut.ed us~ng the %luntc Curlrr wde !vl(.)M E.”) For

Ltlt, nltdertiti~r Iissembly In FiK b with n 30 rnA proton betim
~)rlxiuclnK2,1 x 10’” ms, the useful neutron flux (i.e , the flux
with neutr{)rt ~nerKy , I eV) c,vtilutited tit the irrridititi(ln
point IS I 5 x 10M n. cm’ s. The corresponding ubtwrbed dotre
r:ltw f’or [it. utrorrs t.nd gtirnmtr rriys iire 5,7 rind l,9cGymin,
r(, spet.t]vcly ‘l’he rriti(j t)f r,he neutron ribsr)rhed dt,se r~t,e LA)
[hu useful neutron IIUX IS 6.5 x I() 11 cGy/n rm ~, which is
,ll~ht,ly h]~her than, hut c{mlparnblc LO. the valu L*of the
riitltl thtit hiis been rstlmn~rl for II proposed” rcncti)r beam,’ 1

(;{. nernliy speriking, for the nrlltr~jn% p,(dllrwd })y ,Illr
,(lllcvptunl neutm)n Irruriiatl(ln fn(.llity, the rlitltl {It’ th(.
!I!)trnn(,r Iihsilrhrri dtISC U) tbt, penk Ilbw)rbcd fiIIIW for nt,rnllll

II\SIIr I+ lnrKor tblin f’f}r Ilrr Ideal 2 krV roiictijr nvl]t.r(,n

IN, JIIII ‘l’tIf, rnlixlmum lths(~rhf,d {IIW U) II tum(~r” IS 4 titi x
104,.(” KY ~~lilrvf’ n.’utron f,)r ,,

ltll~ ,.,,rl,.t.r)trlltl(lll III ~l” IIM K

t~im,,r ‘1’bvrf,loro. l’or H :10 MA Iwnrn IInd 2 I K 101 ‘ n s, t}),.

fr)tlxin]uni }Itw)rbod IIIE4V rulm IS I ()’2 i4; yIs For II *I IIglr

\I,sslIIi) Irradlliti(jn II( 20 (;Y lx) Lht, tum(~rl ttlv trvlitr]it,nt 1,11111,

IS uh{tlit :I:t Mln ‘1’hlx trentmvnt tlfnr IS qultr r{ HwIn HhltI,

:IIId 1,111111Iw r(vltl(v,d tJI nht)ul I I mIn wIL,h II 100” mA 1/! ’1/
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